Burn BR, Varner KJ. Environmentally persistent free radicals compromise left ventricular function during ischemia/reperfusion injury. Am J Physiol Heart Circ Physiol 308: H998 -H1006, 2015. First published February 13, 2015 doi:10.1152/ajpheart.00891.2014.-Increases in airborne particulate matter (PM) are linked to increased mortality from myocardial ischemia. PM contains environmentally persistent free radicals (EPFRs) that form as halogenated hydrocarbons chemisorb to transition metal oxide-coated particles, and are capable of sustained redox cycling. We hypothesized that exposure to the EPFR DCB230 would increase cardiac vulnerability to subsequent myocardial ischemia-reperfusion (MI/R) injury. Rats were exposed to DCB230 or vehicle via nose-only inhalation (230 g max/day) over 30 min/day for 7 days. MI/R or sham MI/R (sham) was initiated 24 h after the final exposure. Following 1 or 7 days of reperfusion, left ventricular (LV) function was assessed and infarct size measured. In vehicle-exposed rats, MI/R injury did not significantly reduce cardiac output (CO), stroke volume (SV), stroke work (SW), end-diastolic volume (EDV), or end-systolic volume (ESV) after 1 day of reperfusion, despite significant reductions in end-systolic pressure (ESP). Preload-recruitable SW (PRSW; contractility) was elevated, presumably to maintain LV function. MI/R 1-day rats exposed to DCB230 also had similarly reduced ESP. Compared with vehicle controls, CO, SV, and SW were significantly reduced in DCB230-exposed MI/R 1-day rats; moreover, PRSW did not increase. DCB230's effects on LV function dissipated within 8 days of exposure. These data show that inhalation of EPFRs can exacerbate the deficits in LV function produced by subsequent MI/R injury. Infarct size was not different between the MI/R groups. We conclude that inhalation of EPFRs can compromise cardiac function during MI/R injury and may help to explain the link between PM and MI/R-related mortality. particulate matter; rat; pressure volume; cardiac toxicity INCREASED LEVELS of ambient particulate matter (PM) are consistently linked with cardiopulmonary and cardiovascular morbidity and mortality (4, 5, 51, 52, 55). There is a strong correlation between increased ambient fine (PM 2.5 , diameter Ͻ2.5m) or ultrafine (PM 0.1 , diameter Ͻ0.1m) particulates and mortality due to acute myocardial ischemia (MI) (9, 10, 13, 45, 49 -52). Additionally, increases in ambient PM levels also lead to increased emergency MI admissions and, in MI survivors, increased risk of developing heart failure or suffering a second MI (17, 60, 61) .
emission source. This heterogeneity of PM complicates mechanistic studies, making it difficult to identify the constituents of PM responsible for the observed cardiovascular toxicity (11, 42) . While the exact mechanism(s) underlying PM-induced cardiovascular effects are largely unknown, systemic inflammation and oxidative stress secondary to pulmonary inflammation and/or the translocation of PM from the lung into the circulation are believed to play important roles (5, 44) .
Our colleagues, as well as others, have demonstrated that ambient PM 2.5 contains environmentally persistent free radicals (EPFRs) (14, 40) . EPFRs are a unique particle-pollutant system that forms during combustion processes, wherein halogenated hydrocarbons chemisorb to the surfaces of transition metal-coated particles, forming surface-stabilized quinone and semiquinone-type radicals (38) . EPFRs are capable of prolonged (days to weeks) redox cycling in air and soils, resulting in the generation of large quantities of reactive oxygen species (ROS) (21, 33, 34) . Although studies of the biological actions of EPFRs have only just begun, our group, and others, have demonstrated that these redox active particles produce oxidative stress in vitro (2, 19, 31) , as well as oxidative stress and inflammation in the lung, heart, and blood of experimental animals (3, 39, 41, 57) . Exposure to EPFRs has also been shown to alter pulmonary and cardiac function in vivo (3, 39, 41) . Our group has shown that short-term, inhalational exposure to EPFRs decreases baseline cardiac output (CO), stroke volume (SV), end-diastolic pressure (EDP), and end-diastolic volume (EDV), while increasing pulmonary artery pressure in otherwise healthy rats (39, 41) .
Despite the links between PM, oxidative stress, and ischemic heart disease, surprisingly few studies have examined the relationship between exposure to PM and the severity or extent of ischemic cardiac injury. Bagate and colleagues (1) observed decreased left ventricular (LV) developed pressures as well as slower recovery of contractile function following a 35-min period of global ischemia in Langendorff perfused hearts from spontaneously hypertensive rats into whom PM 10 had been intratracheally (IT) instilled 4 h prior. Prior IT instillation of PM 0.1 (24 h ) also produced significantly greater oxidative stress and larger areas of infarction in the myocardium of mice in vivo after a 20 min ischemic period followed by 2 h of reperfusion (12) . Additionally, Knuckles and colleagues (35) demonstrated that prior (24 h) IT instillation of PM 10 leads to microvascular dysfunction in isolated coronary arterioles of rats. These data indicate that ambient PM, and perhaps the EPFRs contained therein, may exacerbate LV dysfunction resulting from myocardial ischemia/reperfusion (MI/R) injury; however, this has yet to be systematically studied, especially in an inhalational model. Therefore, this study was designed to test the hypothesis that prior inhalation of EPFRs may degrade LV function and/or increase myocardial infarct size either 1 or 7 days post-MI/R injury. An MI/R model of ischemic cardiac injury was chosen, as this model has a well-characterized association with increased inflammation and oxidative stress (16, 18, 54, 59) . We predicted that oxidative stress produced by the exposure to EPFRs may have an additive effect on oxidative stress produced by MI/R injury, thereby increasing the severity of cardiac injury. This study provides further insight into the link between PM air pollution and cardiovascular morbidity/mortality and provides additional information regarding the health risks posed by EPFRs within ambient PM.
METHODS
EPFR synthesis. The EPFR particle used in this study was DCB230 (41) . DCB230 is a model pollutant particle system consisting of silica particles (silica gel powder grade 923, 100 -200 mesh; Sigma-Aldrich, St. Louis, MO) dosed with 5% CuO by mass and chemisorbed to 1,2-dichlorobenzene at 230°C by established procedures (38) . The temperature of the reaction is designed to mimic postcombustion cool-zone temperatures, where excess reactants condense to form EPFRs via surface-mediated reactions (38) . DCB230 produces an electron paramagnetic resonance (EPR) spectrum indicative of an oxygen-centered semiquinone-type radical, which is consistent with the EPR spectra of airborne PM 2.5 samples (14, 38) .
Animals. Experiments were performed with male Sprague-Dawley rats (297 Ϯ 1.8 g; Harlan Laboratories, Indianapolis, IN). Rats were housed in a temperature-and humidity-controlled environment on a 12-h light/dark cycle. Standard rat chow and autoclaved tap water were available ad libitum. All procedures were performed in accordance with the National Institutes of Health Guidelines for the Care and Use of Experimental Animals and were approved by the Institutional Animal Care and Use Committee of Louisiana State University Health Sciences Center.
DCB230 exposure. Rats were exposed once a day to either aerosolized vehicle (7 ml 0.9% NaCl ϩ 0.02% Tween-80) or DCB230 (20 mg suspended in 7 ml of vehicle) using a flow-past, nose-only inhalational system (InExpose; SciReq, Montreal, Canada). The dose of DCB230 was chosen based on its known ability to significantly reduce baseline CO, SV, and EDV in otherwise healthy rats (41) . We did not include silica particles as a control in this study as our previous studies have shown inhalation of the silica particles used does not degrade baseline LV function (41) . The 20 mg DCB230 samples were nebulized at a rate of 0.0055 m 3 /min and combined with 0.002 m 3 /min of room air. Exposures lasted ϳ30 min/day (0.225 m 3 /day) and consisted of a gravimetrically determined maximum flow-past exposure of 230 g per rat per session (41) . This exposure creates an ambient concentration of ϳ1,022 g/m 3 during the 30-min exposure period each day. By using the method detailed by de WinterSorkina and Cassee (13a) to standardize the deposited thoracic mass rates of inhaled particulates in rats vs. humans, this daily exposure produces the equivalent deposited mass of particulate per alveolus in our rats as a human receives in the same 30-min period if exposed to PM 2.5 levels of 205 g/m 3 , an ambient level relevant to many locations (24, 30, 62) .
Myocardial infarction. Twenty-four hours after the final EPFR exposure, rats were anesthetized in a Plexiglas induction chamber (Braintree Scientific, Braintree, MA) fed by a vaporizer supplying 5% isoflurane. Once immobile and unresponsive to tail pinch, rats were removed from the chamber and intubated with a 14-gauge plastic vascular cannula with an ophthalmoscope. The cannula was then connected to an anesthesia work station (Hallowell EMC, Pittsfield, MA), providing ventilation with isoflurane (2.5%) and oxygen for the duration of the surgery. Thoracotomy was performed through an incision in the fourth intercostal space to expose the base of the heart. The pericardial sac was removed with a sterile cotton tip applicator. Occlusion of the left anterior descending (LAD) coronary artery was induced by tying 6-0 prolene suture around the proximal portion of the LAD. A short segment of silicon tubing was inserted under the knot before it was cinched, padding the myocardium and facilitating subsequent suture release. Effectiveness of the occlusion was verified visually through pallor of the myocardium distal to the ligature. After the 45-min ischemic period, the suture was removed to allow reperfusion. Sham MI/R rats (sham) received pericardiotomy without coronary occlusion; however, the rats remained anesthetized and ventilated for the same 45-min period. The intercostal incision was closed with 4-0 silk suture and pleural pressure restored via manual aspiration with a 5-ml syringe attached to silicon tubing (Silastic Laboratory Tubing; Dow Corning, Midland, MI). The surgical incision was closed superficially with 5-0 silk suture, and buprenorphine (0.1 mg/kg, i.p.) was administered every 12 h for up to 6 days.
Assessment of left ventricular function. Following a reperfusion period of either 1 or 7 days, rats were reanesthetized, intubated, and ventilated as before. A pressure-volume catheter (SPR-838; Millar instruments, Houston, TX) was introduced into the LV as outlined by Pacher et al. (48) . Briefly, the right common carotid artery was accessed via an incision in the ventral neck, and the catheter was advanced within this vessel towards the LV. Mean arterial blood pressure (MABP) was recorded from the aortic arch by the pressure sensor on the Millar catheter prior to reaching the LV. Once in the LV, the catheter generates real-time pressure-volume data of cardiac function, allowing direct recording of closed-chest cardiac parameters in vivo, including end-systolic pressure (ESP), end-systolic volume (ESV), EDP, EDV, SV, CO, stroke work (SW), and ejection fraction percent (EF%). Additionally, independent indices of contractile function were assessed via caval occlusion maneuvers that reduce cardiac preload (48) . The inferior vena cava was approached through an incision in the anterior abdominal wall and slowly occluded with padded forceps. During the occlusion, the preload-recruitable stroke work (PRSW) and end-diastolic pressure-volume relationship (ED-PVR) were estimated from the SW-EDV and EDP-EDV regressions, respectively. Volume calibration and parallel conductance of the catheter was performed as previously described (39) . LV function and infarct size were measured 24 h after MI/R to correspond with the acute oxidative burst and inflammation of reperfusion, and after 7 days when the oxidative burst had subsided and the infarct area became more defined.
Infarct size quantification. Immediately following cardiac catheterization, the thoracic cavity was breached through the diaphragm (via the previous abdominal incision) to expose the heart. The LAD was religated with 6-0 prolene suture, and 5% phthalocyanine blue dye (Quantum Ink, Louisville, KY) was infused into the systemic circulation via the right jugular vein. Dye in the patent coronary circulation demarcated the area of the LV that remained perfused throughout the ischemic period (area not at risk) from the area at risk (AAR) of ischemic damage. Whole hearts were immediately excised, wrapped in plastic wrap to prevent freeze drying, and stored overnight at Ϫ20°C. The following day, hearts were unwrapped and sliced into 2-mm transverse sections. Slices at or below the level of the coronary ligation were incubated for 10 min in 2% triphenyltetrazolium chloride (Sigma-Aldrich) solution to stain viable myocardium a deep red (the AAR), demarcating the area of myocardial infarction in pale white (the area of necrosis, AON) (Fig. 1A) . The slices were photographed and analyzed for relative area of infarction with NIH image software (ImageJ). Infarct size was normalized to section weight and calculated as AON expressed as a percentage of the AAR according to established methods (63) .
Statistical analysis. All data are expressed as means Ϯ SE. Parameters of LV function were tested via one-way analysis of variance (ANOVA) with Dunnett's post hoc analysis. Infarct size data were compared by an unpaired Student's t-test. In all cases, statistical significance was assumed at P Ͻ 0.05.
RESULTS
In this study, 25 rats exposed to DCB230 and 21 rats exposed to vehicle were subjected to MI/R injury. Five of the DCB230-exposed rats and two of the vehicle-exposed rats died either during the ischemic period or within 1 h of initiating reperfusion.
Following pressure-volume catheterization, the hearts were excised, sectioned, and stained to determine infarct size in each heart. Figure 1A shows typical histological sections of the LV from a vehicle-exposed MI/R animal, illustrating how the AAR and the AON were determined. There was no significant difference in AAR, expressed as a percentage of the LV, between DCB230-and vehicle-exposed rats after either 1 or 7 days of reperfusion. Additionally, no significant difference in AON, expressed as a percentage of the AAR, was observed between the two exposure groups 1 or 7 days post-MI/R injury (Fig. 1B) .
Compared with vehicle, exposure to DCB230 did not significantly affect heart rate (HR) in the sham (n ϭ 10/group) or infarcted rats after 1 day of reperfusion (MI/R 1d; n ϭ 10/group) ( Fig. 2A) . Additionally, DCB230 exposure did not significantly affect HR in a separate group of infarcted rats allowed 7 days of reperfusion (MI/R 7d; vehicle n ϭ 9; DCB230 n ϭ 10); however, both MI/R 7d exposure groups had significantly lower HR compared with the corresponding MI/R 1d groups ( Fig. 2A) . In sham rats, exposure to DCB230 did not significantly alter MABP (Fig. 2B) . MABP was also not significantly different between sham and MI/R 1d rats exposed to vehicle; however, MABP was significantly lower in the MI/R 1d rats exposed to DCB230 compared with DCB230-exposed sham rats (Fig. 2B) . MI/R 7d rats in both exposure groups had MABPs similar to their exposure-matched sham counterparts (Fig. 2B) .
In sham rats, exposure to DCB230 significantly reduced both EDV and ESV compared with vehicle exposure (Fig. 2C) . A similar downward trend in EDV and ESV was seen between vehicle-and DCB230-exposed rats in the MI/R 1d group, although these differences were not statistically significant. In vehicle-exposed rats, neither MI/R 1d nor MI/R 7d had a significant effect on LV volumes (Fig. 2C) . In DCB230-exposed MI/R 7d rats, both EDV and ESV were significantly elevated compared with DCB230-exposed sham and MI/R 1d rats and nearly identical to those in the corresponding vehicleexposed MI/R 7d rats (Fig. 2C ). No differences in EDP were observed between any of the experimental groups following either exposure to DCB230 or MI/R injury (Fig. 2D) . In both vehicle-and DCB230-exposed rats, a significant decrease in ESP was observed after MI/R 1d; however, ESP returned to control levels in both groups within 7 days following MI/R (Fig. 2D) .
Compared to vehicle, exposure to DCB230 significantly decreased CO, SV, and SW in MI/R 1d rats (Fig. 3, A-C) . Exposure to DCB230 also tended to decrease CO, SV, and SW in sham rats; however, these values were not significantly different from those in vehicle-exposed sham rats. In the MI/R 7d cohort, no differences in SV, CO, or SW were seen between the two exposure groups, and both groups were statistically similar to their respective sham counterparts (Fig. 3, A-C) . No significant differences in CO, SV, or SW were observed between sham, MI/R 1d, and MI/R 7d rats receiving vehicle (Fig. 3, A-C) . Similarly, in DCB230-exposed rats, MI/R 1d or 7d injury did not further reduce CO, SV, or SW compared with sham (Fig. 3, A-C) , although SW was significantly higher in the MI/R 7d group compared with the MI/R 1d group (Fig. 3C) .
Manual occlusion of the inferior vena cava was performed to allow measurement of preload-independent indices of contraction (PRSW) and relaxation (EDPVR). Exposure to DCB230 did not affect PRSW in sham rats (Fig. 3D) . After infarction and 1 day of reperfusion, PRSW in the vehicle-exposed group was significantly increased compared with that in the MI/R 1d group exposed to DCB230 (Fig. 3D) . PRSW in the vehicleexposed rats returned to control levels after 7 days of reperfusion (Fig. 3D) . EDPVR was significantly elevated in sham rats exposed to DCB230, and this increase was maintained after 1 day of reperfusion, before returning to control levels after 7 days of reperfusion (Fig. 4A) . No significant differences in the isovolumetric relaxation time constant, Tau, were seen between any experimental groups, despite an upward trend in all rats receiving MI/R injury (Fig. 4B) . Figure 4C summarizes the effect of DCB230 exposure and MI/R on EF% in the rats. Exposure to DCB230 did not representative cardiac section from a vehicle-exposed myocardial ischemia/ reperfusion injury 1-day (MI/R 1d) rat showing how the area at risk (AAR) for MI/R injury and area of necrosis (AON) were determined. B: the AAR was consistent between all groups receiving MI/R injury. Additionally, no significant difference in AON was measured between exposure groups at either MI/R 1d or MI/R 7-day (7d) time periods. In this and all figures, n ϭ 10/group except the MI/R 7d vehicle group where n ϭ 9. LV, left ventricle.
significantly change EF% in sham, MI/R 1d, or MI/R 7d rats compared with the relevant vehicle-exposed controls. Additionally, infarction followed by 1 day of reperfusion did not decrease EF% in either exposure group; however, under MI/R 7d conditions both exposure groups had significantly lower EF% compared with their MI/R 1d counterparts.
DISCUSSION
This study showed for the first time that, compared with vehicle exposure, the prior inhalation (30 min/day for 7 days) of EPFRs, specifically DCB230, significantly degraded LV function in rats 24 h after MI/R injury and 48 h after the last exposure to EPFRs. However, the EPFR-mediated reductions in LV function in the injured animals were transient and dissipated within 8 days of the last particle exposure, as evidenced by similarities in LV function between vehicle-and DCB230-exposed rats 7 days post-MI/R. Infarct size in the LV of DCB230-and vehicle-exposed rats was very similar at both 1 day and 7 days following MI/R.
As expected, 48 h after the last inhalational exposure to DCB230, sham MI/R rats showed significant reductions in EDV and ESV, coupled with nonsignificant reductions in CO, SV, and SW. These results are consistent with our previous studies showing that both IT and inhalational exposure to DCB230 significantly reduces baseline diastolic filling (EDV), CO, SV, and SW in otherwise healthy rats 24 h postexposure (39, 41) . The decrease in ventricular filling and subsequent LV dysfunction were attributed to increases in pulmonary artery resistance, secondary to EPFR-mediated pulmonary inflammation (41) . The fact that EPFR-mediated decreases in CO, SV, and SW did not reach statistical significance in the current study likely reflects the longer time interval (48 h in the current study vs. 24 h in previous studies) between final exposure to EPFRs and functional testing of the LV. As noted above, our Fig. 2 . Effects of inhaled DCB230 and MI/R on heart rate (HR) (A), mean arterial blood pressure (MABP) (B), LV volumes (C), and LV pressures (D). Rats were exposed (20 min/day for 7 days) by nose-only inhalation to either DCB230 (230 g max/day) or vehicle. Twenty-four hours after the final exposure, rats underwent sham or MI/R surgery followed by 1 or 7 days of reperfusion (MI/R 1d and MI/R 7d, respectively) before assessing ventricular function. A: exposure to DCB230 or MI/R did not markedly affect HR, except for the significant differences in HR between the DCB230-and vehicle-exposed rats in the MI/R 1d and MI/R 7d groups. B: MABP in DCB230-exposed rats at MI/R 1d was significantly lower than in DCB230-exposed sham rats, but was not different than baseline in the MI/R 7d group. C: inhalational exposure to DCB230 reduced baseline cardiac end-diastolic volume (EDV) and end-systolic volume in (ESV) sham rats, although this effect dissipated within 8 days of the final exposure (MI/R 7d). D: neither DCB230 nor MI/R injury significantly affected end-diastolic pressure (EDP); however, MI/R acutely decreased end-systolic pressure (ESP) in both exposure groups at the 1 day time point. Lower case letters indicated the following: a, P Ͻ 0.05 vs. vehicle-exposed sham; b, P Ͻ 0.05 vs. exposure-matched sham; c, P Ͻ 0.05 vs. exposure-matched MI/R 1d. data indicate that EPFR-mediated decreases in LV function dissipate with time after the last exposure, and thus it is reasonable to expect that less EPFR-related effect on cardiac function may be seen 48 h as opposed to 24 h after the last exposure. Nonetheless, compared with vehicle-exposed controls, CO, SV, and SW were significantly lower in the DCB230-exposed rats following MI/R with 1 day of reperfusion, indicating LV function was further compromised by exposure to DCB230. The difference in LV function after infarction between vehicle-and DCB230-treated rats was not due to differences in infarct size between the groups. The LAD occlusion procedure used in our study subjected ϳ36% of the LV to risk of ischemia (AAR), and produced an approximate area of infarction in both groups that was 26% of the AAR when normalized by mass.
Our data showing EPFR-mediated reductions in LV function following MI/R are consistent with those of Bagate and colleagues (1), who instilled urban PM 10 into the tracheas of rats 4 h prior to subjecting the isolated hearts to global ischemia. The hearts of rats exposed to particles showed greater contractile deficits during the 20 min of ischemia, and were slower to recover function postischemia, than vehicle-exposed controls. We have also shown that, compared with vehicle, prior instillation of DCB230 (24 h prior) results in significantly greater reductions in LV function following a brief period (90 s) of ischemia produced by occluding the LAD coronary artery (39).
Remarkably, MI/R injury in vehicle-exposed rats did not significantly reduce CO, SV, SW, or LV volumes (EDV, ESV) when measured 1 or 7 days after initiating reperfusion. ESP, however, was significantly reduced in both the vehicle-and DCB230-exposed rats 1 day after MI/R. Previous studies involving comparable infarcts and reperfusion periods have reported similar decreases in ESP, as well as increases in EDP, 1 day after infarction (28, 29) . Janahmadi and colleagues (28), using echocardiography, reported significant reductions in CO, SV, and EF% 1 day after infarction; however, their study employed a chronic model of coronary ligation, without reperfusion. In vehicle-exposed MI/R 1d rats, PRSW was significantly elevated, indicating that, in spite of structural damage, the infarcted hearts were able to acutely increase contractility to maintain LV function. In contrast, the hearts of DCB230-exposed rats did not increase PRSW 1 day after infarction, possibly preventing compensation to maintain CO, SV, or SW. PRSW was selected as a measure of contractile performance, as opposed to end-systolic pressure-volume (ESPVR) or dP/ dt max /EDV relationships, as PRSW integrates the entire cardiac cycle and is reported to be a more linear and reliable marker of the intrinsic inotropic state of the heart, less effected by conditions such as ventricular filling, geometry, and HR (20, 22, 37) . At this time the mechanism(s) by which EPFRs prevent the injured heart from increasing contractility are unknown, although autonomic imbalance and or oxidative stress may play important roles.
Heart rate variability (HRV) describes variations in both instantaneous heart rate and R-R intervals and is used as a noninvasive, quantitative marker of sympathetic and parasympathetic autonomic activity (32) . Clinical and experimental studies have demonstrated a positive correlation between decreased HRV (increased sympathetic or diminished vagal activity) and increased risk of cardiovascular morbidity and mortality, including sudden cardiac death (55a). Experimental studies using healthy animals or models of cardiovascular disease (e.g., hypertension and heart failure) frequently report that exposure to diesel exhaust decreases HRV, producing a state of sympathetic dominance (6, 7, 25, 26, 36) . Although not as common, there are also reports of diesel exhaust or other particulates increasing HRV, producing states of parasympathetic dominance (8) . In terms of cardiac function, Carll and colleagues (6) showed that inhalation of diesel exhaust (4 h) by spontaneously hypertensive heart failure-prone rats produces time-and state-dependent oscillations in HRV that alternate between sympathetic and parasympathetic dominance. More importantly, the periods of sympathetic dominance were associated with decreases in cardiac contractility and impaired LV relaxation. The decrease in HRV appeared to reflect the particulate fraction of diesel exhaust since, in separate studies, exposure to the filtered gaseous component of diesel exhaust increased HRV. In otherwise healthy rats, IT instillation of a large dose of diesel exhaust particles (DEP) decreased HRV, contractility, and relaxation (27) . Likewise, inhalation of DEP also reduced cardiac contractility (23) . These findings suggest that particle-mediated decreases in HRV may have prevented the infarcted, DCB230-exposed hearts from increasing contractility to maintain LV function. Whether EPFRs similarly reduce HRV has not been directly tested; however, diesel exhaust does contain EPFRs (46) . The specific effect of EPFRs on HRV is currently being tested in a model of cardiac MI/R injury.
The mechanism responsible for the particulate-mediated decrease in HRV and LV contractility is unknown. Rhoden and colleagues (53) suggest that oxidative stress can increase sympathetic tone and decrease HRV. There is also evidence that diesel exhaust may directly inhibit parasympathetic function (7) . It is generally accepted that inhalation of particulates produces systemic inflammation and oxidative stress in a number of organ systems (5, 43) . Not surprisingly, EPFRs, such as DCB230, similarly produce systemic inflammation, as well as oxidative stress in the lungs and hearts of experimental animals (2, 39, 41, 56) . In addition to changes in HRV, oxidative stress arising from neural, humoral, immune, or exogenous sources may directly decrease myocardial function by a diverse number of mechanisms, including protein and lipid oxidation, disruption of subcellular organelles, and calcium overload (15) . Particulates may also have more direct actions on organs and tissues. There is accumulating evidence that inhaled fine and ultrafine particulates can transit from the lung to the systemic circulation (5, 47) , raising the possibility that particles may directly produce localized inflammatory and oxidative responses. Because of the ability of EPFRs to generate oxygen radicals, the EPFR may produce a level of toxicity greater than that of the particle alone.
In addition to contractile deficits, inhalational exposure to EPFRs also produced diastolic dysfunction (decreased compliance) as evidenced by significant increases in the EDPVR, before returning to control levels after 7 days of reperfusion. Notably, the relaxation time constant Tau was not altered by exposure to EPFRs. While there was a tendency for Tau to increase after MI/R in vehicle-and DCB230-exposed rats, these changes were not significant. EPFR-mediated diastolic dysfunction has also been previously documented after IT instillation of EPFRs (39) and inhalation of diesel exhaust (7), Fig. 4 . Effects of DCB230 and MI/R injury on LV diastolic function and ejection fraction (EF%). A: prior inhalational exposure to DCB230 significantly increased the end-diastolic pressure-volume relationship (EDPVR) in sham and MI/R 1d rats; however, this effect dissipated by the MI/R 7d time point. B: no significant changes to the isovolumetric relaxation constant, Tau, were caused by either DCB230 exposure or MI/R injury. C: Prior inhalational exposure to DCB230 had no effect on LV EF%. Additionally, no significant change in EF% was elicited by MI/R 1d injury, although EF% significantly declined in both exposure groups by the MI/R 7d time point. Lower case letters indicated the following: a, P Ͻ 0.05 vs. vehicle-exposed sham; c, P Ͻ 0.05 vs. exposure-matched MI/R 1d.
or the instillation of DEP (26) . The mechanism responsible for the decreased compliance is not currently known.
It is well documented that reperfusion of ischemic myocardium produces an oxidative and inflammatory burst, increasing the severity and size of LV injury beyond that caused by ischemia alone (15) . Given that EPFRs and other particles produce systemic inflammation and oxidative stress, we hypothesized that prior exposure to EPFRs, coupled with subsequent reperfusion injury, would increase the level of oxidative stress leading to increased infarct size and greater LV dysfunction. Consistent with our hypothesis was the observation that infarct size doubled in mice that had received a large ITinstilled dose of environmentally-collected PM 0.1 24 h prior to coronary artery ligation (12) . The increase in infarct size was accompanied by a significant increase in inflammation and oxidative stress. Additionally, a study by Zhu et al. (63) showed that inhalation of tobacco smoke (another source of particulates) dose dependently increases infarct size in rats subjected to MI/R within 1 h of the final exposure. Unexpectedly, in the present study, prior exposure to DCB230 did not result in a larger necrotic infarct when measured either 1 or 7 days after the ischemic event. The reason for the discrepancy between our study and previous studies is unknown, but likely reflects differences in the concentration of particles used and the route of administration. In the mouse study, a relatively large, single dose of particles (ϳ3.3 mg/kg) was instilled directly into the airways. In contrast, our flow-past, nose-only inhalational protocol provided a maximum daily presentation of 230 g/day over 7 days to each rat, of which only a small fraction is actually inhaled into the lungs. Previous studies by our group have shown that IT instillation of DCB230 (8 mg/kg) in rats produces a greater degree of LV dysfunction than inhalational exposure at a dose similar to that used in the present study (39, 41) . Differences in infarct size could also reflect differences in the type of particles administered or species differences.
Results from this study corroborate our previous finding that inhalational exposure to the EPFR DCB230 reduces baseline cardiac filling and LV function in otherwise healthy rats. Vehicle-exposed rats were also found to be capable of acutely maintaining LV function post-MI/R injury by increasing contractility (PRSW). In contrast, rats exposed to EPFRs and subsequent MI/R injury were unable to increase PRSW to maintain CO, SV, or SW. The deleterious effects of DCB230 dissipated within 8 days after the final exposure. Surprisingly, in spite of the ability of EPFR exposure to decrease LV function, infarct size was similar in vehicle-and particletreated rat hearts. The finding that prior inhalational exposure to EPFR-containing PM reduces ventricular filling and prevents the heart from increasing PRSW to maintain ventricular function following MI/R injury potentially has important clinical implications regarding prognosis for individuals exposed to high ambient PM who subsequently suffer an MI/R event.
Although the EPFR-mediated effects dissipated within 8 days of the final exposure, the question of whether subsequent inhalational exposure to EPFRs can affect long-term survival following an MI/R event is currently being investigated.
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